Abstract. Blue compact galaxies (BCGs) are compact galaxies that are dominated by intense star formation. Comparing the observational properties with the predictions of stellar population synthesis model, we have analyzed the nuclear stellar population and emission line spectra in a sample of 10 BCGs. The results indicate that the continuum flux fractions at 5870Å due to old stellar components and young stellar components are both important. The contribution from intermediate age components is different in different galaxies. Our results suggest that BCGs are old galaxies, in which star formation occurs in short intense burst separated by long quiescent phases. We have also derived the internal reddening for the stellar population by population synthesis method, and the internal reddening for the emitting gas clouds by the Balmer line ratio. The former is significantly smaller than the latter for BCGs. A model of clumpy foreground dust, with different covering factors for the gas and stars, can explain the difference. Combining the internal reddening value and the stellar population, we have decreased the effecting from the internal reddening and underlying stellar absorption, and accurately measured most emission lines for each BCGs. Using these emission lines, we have attempted to identify the ionizing mechanism of BCGs. The ionizing mechanism for these emission line regions of BCGs is typical of photoionization by stars, characteristics of a low extinction HII regions.
Introduction
Blue compact galaxies (BCGs) were first observed spectroscopically by Sargent & Searle (1970) , who clearly established that the properties of these galaxies implied high star formation rates at low metallicities (Doublier et al. Send offprint requests to: X. Kong (xkong@mail.ustc.edu.cn) † BAC is jointly sponsored by the Chinese Academy of Sciences and Peking University. 1997). BCGs have been thought to represent a different and extreme environment for star formation compared to the Milky Way and many other nearby galaxies. They are very important for understanding the star formation process and galactic evolution (Kinney et al. 1993 , Martin 1998 . BCGs are characterized by their compact morphology and very blue UBV colors (Sage et al. 1992 , Hunter & Thronson 1995 . Their optical spectra show strong narrow emission lines superposed on a nearly featureless continuum, similar to the spectrum of HII regions (Izotov et al. 1997 (Izotov et al. ,Östlin et al. 1999 . Radio observations at 21-cm have shown BCGs contain large amounts of neutral hydrogen. The mean value of M HI /M tot for a sample of 122 BCGs is 0.16 (Krüger et al. 1995 , Salzer & Norton 1999 . Systematic spectroscopic studies of BCGs have shown that about one-third of BCGs have broad W-R bumps, mainly at λ4650 that are characteristic of late WN stars (Conti 1991 , Izotov et al. 1997 .
Ever since their discovery, the question has arisen whether BCGs are truly young systems where star formation is occurring for the first time, or whether they are old galaxies with current starburst superposed on an old underlying stellar population (Garnett et al. 1997 , Lipovetsky et al. 1999 . Because the star formation rate in BCGs is very high, the metallicity could have reached the observed value even within a time T ∼ 10 8 yr (Fanelli et al. 1988) . Hence, one interpretation for the low metallicity, high gas content and high star formation rate is that BCGs are young objects, and they are being seen at the epoch of the formation of the first generation stars (T ∼ 10 8 yr). The other interpretation is that they are old objects in which star formation occurs in short bursts with long quiescent phases in between (Krüger et al. 1995 , Gondhalekar et al. 1998 ,Östlin et al. 1999 .
The low metal abundance together with the high star formation rates and large gas masses makes BCGs most suitable to determine the element abundance (Thuan et al. 1995 (Thuan et al. , 1996 , the primordial helium abundance Y p (Izotov et al. 1994) and to study the variations of one chemical element relative to another (van Zee et al. 1998) . It also provides a wealth of diagnostics for the study of intrinsic physical conditions (Izotov & Thuan 1999) . The re-sults of these papers are based on direct measurements of the emission line intensities, but according to Vaceli et al. (1997) , the observed emission line intensities are affected by the underlying stellar absorption. Since the stellar absorption can affect substantially some fundamental emission lines used for the derivation of reddening and other physical and chemical properties, one of the first and most critical steps in the analysis of BCG spectroscopic properties is to quantify and remove the contribution of the stellar population.
If we can resolve the stellar population of a BCG, we can know its age and star formation regime. We can then subtract the stellar absorption line from the emission-line spectrum. With the launch of HST and 10-m class telescope, we are now witnessing a new era that allows to analyze in detail nearby objects, such as Galactic HII regions or 30 Dor in the LMC and resolve old red giants in a few distant galaxies (Grebel 1999) . Such studies allow us to resolve and study individual stars in massive star clusters. However, as one studies objects at larger distances, individual stars (except for some giants) are unresolved and hence we are limited to studying their global properties (Mas-Hesse & Kunth 1998) . In this paper we have selected 10 BCGs and determined their stellar population by applying a population synthesis method based on star cluster integrated spectra. In a subsequent paper, we will apply an evolution population synthesis method to these galaxies and the results of the two papers will be considered together.
The outline of the paper is as follows. In Sect. 2 we describe the observations and data reduction. In Sect.3 we present measurements of equivalent widths and continuum analysis for the BCG spectra. In Sect. 4 we carry out the population synthesis and give the results of computation. In Sect. 5 we subtract the stellar population synthesis spectra from the observed ones and study the resulting emission line spectra. The results are presented in Sect. 6. In Sect. 7, we summarize our conclusions. Throughout this paper, we use a Hubble constant of H 0 = 50 km s −1 Mpc −1 .
Observations and Data Reduction
Our sample of 10 blue compact galaxies was selected from Kinney et al. 1993 ; seven of these have M B > −20 mag and are dwarf galaxies (BCDG). Table 1 describes the sample properties. The target names are listed in Column 1. Column 2 to Column 8 respectively give the source coordinates, morphological type, the radial velocity relative to the Local Group, photographic magnitude, absolute magnitude and Galactic reddening. Long-slit spectroscopic observations were carried out in March and July of 1997. All the observations were made with the 2.16 m telescope at the Xinglong Station of Beijing Astronomical Observatory, using a Zeiss universal spectrograph with a grating of 300 grooves mm −1 dispersion. A Tek 1024×1024 CCD was employed, covering a spectral range from 3500 to 7500Å with a resolution of 9.6Å (2 pixels). The slit aperture was fixed at 250µm, corresponding to 2.5 ′′ projected on the sky, to match the typical seeing value at Xinglong Station, and is set at position angle 90
• . All the spectra were extracted by adding the contributions of 5 pixels around the nucleus. The sky background was estimated from a linear interpolation of two regions located 30
′′ from the nucleus. The last two columns of Table 1 list the observation date and exposure time.
The standard reduction to flux units and transformation to linear wavelength scale were made using the IRAF 1 packages. The IRAF packages CCDRED, TWODSPEC and ONEDSPEC were used to reduce the long-slit spectral data. The wavelength was calibrated using a He/Ar comparison lamp. 20-odd lines were used to establish the wavelength scale, by fitting a first-order cubic spline. The accuracy of the wavelength calibration was better than 2Å. On most nights, more than two KPNO standard stars were used for relative flux calibration. We followed standard procedure in the data reduction: bias subtraction, flat fielding, sky subtraction, cosmic ray extinction, CCD response curve calibration, wavelength and photometric calibration, and extinction correction. The dark counts were so low that they were not subtracted. An estimate of the radial velocity of the galaxies was made to correct to zero red shift. The foreground reddening due to our Galaxy was corrected using the value from Burstein & Heiles (1984) . Atmospheric extinction was corrected using the mean extinction coefficients for the Xinglong station. The final extracted spectra of the BCGs (labeled as OBS) are shown in Figure 1 .
Measurements
Our main goal is to study the stellar population of BCGs. To do this, we have used the synthesis method described in Schmitt, Bica & Pastoriza (1996) . The method minimizes the differences between the observed and synthetic equivalent widths for a set of spectral features. To measure the equivalent widths accurately, it is extremely important first to have a good fit to the continuum. Hence the analysis of each of the sample spectra proceeds in two steps (1) determining a pseudo-continuum at selected pivot-points, and (2) measuring the equivalent widths (EWs) for a set of selected spectral lines.
The continuum and EW measurements followed the method outlined in Bica & Alloin (1986) , Bica (1988) and Bica et al. (1994) , Cid Fernandes et al. (1998) , and subsequently used in several studies of both normal and emission line galaxies (e.g., Jablonka et al. 1990 , StorchiBergmann et al. 1995 , McQuade et al. 1995 , Bonatto et al. 1998 ). This method first determines a pseudo-continuum at a few pivot-wavelengths, and then integrates the flux difference with respect to this continuum in the defined wavelength windows (Table 3) to determine the EWs. The pivot wavelengths used in this work are based on the same as those used by the above authors; these were chosen to avoid regions of strong emission or absorption features (Table 2) . Four point flux values (3784, 3814, 3866, 3918 A) were used for the Balmer discontinuity. The use of a compatible set of pivot points and wavelength windows is important, since it allows a detailed quantitative analysis of the stellar population by the synthesis techniques using the spectral library of star clusters (Bica & Alloin 1986) . The determination of the continuum was done interactively, was taking into account the flux level, noise and small uncertainties in wavelength calibration, as well as the presence of emission lines. The 5870Å point, in particular, is sometimes buried underneath the HeI 5876Å emission line. In such cases, adjacent wavelength regions guided the placement of the continuum. The final measured fluxes, normalized to the flux at 5870Å, are given in Table 2 . After fitting the continuum points to a continuum spectrum, we measured the equivalent widths of seven characteristic absorption lines. When a noise spike was present in the wavelength window, it was necessary to make 'cosmetic' corrections. The results are given in Table 3 . The first two rows give the names of the spectral lines and corresponding wavelength range. The EWs are in units ofÅ, and negative sign denotes emission lines.
Stellar Population Synthesis
To study the history of star formation, age, and ionization mechanism of BCGs, we applied the synthesis method of Schmitt et al. (1996) for a determination of the stellar population in their nuclear region. In this method, we start with a sample of star clusters, consists of 3 clusters in the SMC, 12 in the LMC, 41 Galactic globular clusters and 3 rich compact Galactic open cluster, together with 4 HII regions (Bica & Alloin 1986) . Then a grid of base components (comprising the values of the continuum at selected points and of the EWs of selected absorption lines) is constructed by interpolation and extrapolation in the Age − [Z/Z ⊙ ] plane of those quantities of the clusters of the sample. The grid consists of 34 points with ages at 10 7 , 5 × 10 7 , 10 8 , 5 × 10 8 , 10 9 , 5 × 10 9 , and > 10 10 yr, and [Z/Z ⊙ ]= 0.6, 0.3, 0.0, -0.5, -1.0,-1.5, -2.0, plus one point representing the HII region. The method, when applied to a given target, consists of adjusting the percentage contributions of the 35 base components by minimizing the difference between the resulting and measured EWs of the selected set of absorption lines. When all the resulting EWs reproduce those of the galaxy within allowed limits, we said to have obtained an acceptable solution. We then take all the acceptable solutions to form an average solution (Schmitt et al. 1996) .
The computation can be performed in two ways: one way spans the whole Age − [Z/Z ⊙ ] plane (multiminimization procedure, hereafter MMP), while the other is restricted to chemical evolutionary paths through the plane (direct combination procedure, hereafter DCP). We combine these two methods in our paper. We first use the MMP method to single out the main contributing components. And then, based on their resemblance to the wholeplane solution and on their reduced chi-square (χ 2 ), we select the best evolutionary path and use the DCP method to give the final result.
The results of MMP
A detailed analysis of the MMP method can be found in Schmidt et al. (1989) . This method searches the vector space of resolutions generated by the entire 35 component basis, leading to a representative set of acceptable solutions to the synthesis problem. We tried various combinations of the 35 components until a good match between the equivalent widths of the synthetic and observed lines is obtained. An iterative optimization procedure was used, and each iteration alters the percentages of different components. The input parameters are the measured equiva- Table 3 . Measured equivalent widths inÅ for blue compact galaxies. lent widths of the selected absorption lines, the continuum ratios and a set of trial values of E(B − V ) between 0.0 and 1.0 at steps of 0.02. The result is expressed with the flux fractions at 5870Å for each component. The flux fractions of different components for the 10 BCGs are shown in Table 4 (HIIR denotes the HII region component).
From the results of the MMP method, we find some obvious trends for all the BCGs. First, the dominant population are young (T ≤ 5 × 10 8 yr) stellar clusters. Second, there is a small population of old (T > 10 10 yr) and high metallicity ([Z/Z ⊙ ] ≥ 0) globular clusters. Within old globular clusters low metallicity components contribute more than high metallicity components. Third, for the young and intermediate age (T ∼ 10 9 − 5 × 10 9 yr) clusters, components with metallicities below or equal to the solar value make a large contribution. It shows that the stars in the BCGs have low metallicities, and this is consistent with our previous knowledge. Lastly, the younger components show a large dispersion in the plane, with no clear evolutionary paths. This could be due to the fact we have only used spectral data in the visible range. Additional data in the near ultraviolet and infrared will produce better-constrained solutions in the plane. Nevertheless, the presence of starbursts with T ≈ 5×10 8 yr is easily recognized from the MMP results.
The results of DCP
To reduce the dispersion in metallicity, all the population synthesis so far made assumed some arbitrarily chosen chemical evolution path in the Age − [Z/Z ⊙ ] plane. The improvement in the method of this paper is: we shall pick out from the MMP results those components that contribute most importantly and use them to define paths of chemical evolution, thus reducing the degree of arbitrariness. The 3 bright BCGs appear to follow a path containing the 11 components along the time sequence In addition, we also tested other possible paths with different maximum metallicities; we found that the χ 2 of the path selected from MMP is the smallest. Table 5 reports the path solution. The numbers of acceptable solutions and corresponding reduced chi-squared (χ 2 ) are also given. There is a great similarity between the path (DCP) and the whole plane (MMP) solution. Table 5a , 5g, 5j provide the results for the 3 bright BCGs (IC1586, NGC4194 and MRK499). We see that the younger components with age 10 7 − 10 8 yr make an appreciable contribution, ≥ 35%. The old globular clusters make even larger contributions. The intermediate-age components are small. The other tables in Table 5 provide the results for the 7 BCDGs. The dominant stellar components (> 30%) are in the young age bins (T ≤ 5 × 10 8 yr).
The old globular clusters have different values in different galaxies; in some, lower than 10%, and in others as much as 35%. The BCDGs differ from the bright BCGs in two obvious aspects. First, the intermediate age components in the BCDGs amount to 20%, higher than in the bright BCGs. A peak occurs at about 5 × 10 8 yr, which indicates that an enhanced star formation event occurred at that epoch. Second, the youngest components (T = 10 7 yr) in the BCDGs are much lower than in the bright BCGs; probably indicating that the star formation rate of BCDGs is lower now. The HII region component is a featureless continuum, which acts in the synthesis as a dilutor of ab-sorption lines. From Table 5 , we note that some BCDGs have large contributions from the young components indicating intense star formation, and small contribution from HII regions, which suggests that intense starbursts have converted most gas into stars.
Synthesized Spectra
We now display the results of stellar population synthesis in a more visible form in Figure 1 . OBS represents the observed spectrum of galaxy (OBS+5, the +5 indicating that it is displaced upwards by 5 units). SYN represents the synthetic spectrum resulting from the percentage contribution in Table 5 . The various stellar components are designated as follow. OGC stands for the contribution from the old globular cluster (T > 10 10 yr); IYC for the contribution from the intermediate age star cluster (T ∼ 10 9 − 5 × 10 9 yr); YBC for the contribution from the young blue star clusters 10 7 ≤ T ≤ 5 × 10 8 yr), and HIIR stands for the contribution from HII regions. The emission line spectrum (OBS-SYN) resulting from subtracting SYN from OBS, is shown in the lower part of figure.
The figure shows that the synthesized spectrum gives a good fit to the observed continuum and absorption lines for each galaxy. We can conclude that the continuum of BCGs comes both from the stars (particularly the young and intermediate-age stars) and HII regions. It may be interpreted that the main energy sources of BCGs are young hot O, B stars, which lead to the formation of HII regions around them.
The stellar subtracted spectra (OBS-SYN) can be used to study the emission lines. We have measured the main strong emission line intensities with Gaussian fits. The results, relative to that of Hα are shown in Table 6 . At this stage our spectra are corrected for the foreground reddening and the internal reddening from the stellar populations (see next section). First, we have used the Hα/Hβ ratio in Table 6 to derive the internal reddening value associated with the line-emitting regions. It will be calculated in next section. Second, we have attempted to identify the ionizing mechanism in these nuclei, using the emission line ratios in the visible region.
We compared emission-line ratios calculated from Baldwin, Phillips & Terlevich (1981) . We plot the results in Figure 2 . From this figure, we find that the BCGs are always located near or within the HII region. None of them are located in the loci of planetary nebulae, power-law, or shock-heated region. This result indicates that the young, massive mass stars formed in the nucleus are heating the gas in the nucleus of BCGs. This result is very similar to those found from population synthesis. We also show in this diagram the effect of internal reddening. We can see that it, even in the case of NGC4194, with the strongest reddening derived from its line-emitting regions, is not large.
Results
From the stellar population analysis in Sect. 4 and the emission line spectrum in Sect. 5, combined with results from other studies, it is now possible to reveal some global properties of BCGs.
Age and Star Formation Rate
There are two major competing theories for BCGs. The first one claims that BCGs are truly young systems undergoing the first star formation episode in the galaxy's lifetime. The second model suggests that BCGs are old galaxies, which are mainly composed of older stellar populations, with, however, a brief episode of violent star formation, in order to account for the observed spectroscopic features and spectral energy distributions.
Using the population synthesis method, we know the stellar population (different ages and metallicities) percentage contributions at λ = 5870Å for each of the 10 BCGs. These results show clearly that, for each, the old globular clusters and intermediate age components (T ≤ 10 9 yr) make sizeable contributions to the galactic spectrum. The presence of large fractions of old or intermediate age components indicates that the star formation happened already at an early stage, and at a high rate. Our results support the second model that BCGs are old galaxies.
For IC1586, NGC4194 and MRK499, the contributions coming from the young and the old stellar components are large, but that from the intermediate age component is small. It suggests that the rate of star formation during the intermediate age period is smaller than in the other periods, and the star formation process is not continuous in these galaxies. For the BCDGs, the contribution from the intermediate age component is important, star formation was most vigorous in its intermediate age period, with relatively small contributions from the other periods. This also implies that star formation in these galaxies is also discontinuous.
The other result of our population synthesis is that while the observed properties of the bright BCGs (IC1586, NGC4194, MRK499) and the BCDGs are very similar, their stellar components and star formation regimes are generally different. There are many old and young stellar components in bright BCGs, and its recent star formation rate is very high. For BCDGs, the old and young stellar components are relatively small, but the contribution from intermediate age stellar populations is important.
The stellar population synthesis suggests that BCGs are old galaxies, in which the process of star formation is intermittent. Star formation has been violent in one of its evolution periods. These results are also supported by other observations (Papaderos et al. 1996 , Sung et al. 1998 , Aloisi et al. 1999 . It illustrates that the present method is more than a simple population synthesis since Fig. 1 . Observed spectra for our 10 BCGs are shown together with the best-match population synthesis models (cf. Table 5 ). The observed galaxy spectrum (OBS) has been corrected for the foreground reddening E(B-V) G and shifted by 5 units. In the synthetic spectrum (SYN), the young population (YBC) dominates the light, but the intermediate age component (IYC) is also important. The emission line spectrum appears in the (OBS-SYN) difference, in the lower part of the figure. OBS and SYN are normalized to F λ = 10 at 5870Å. it provides a direct estimate of the chemical evolution of the galaxy.
Internal Reddening
When we investigate the internal energy source, physical condition and internal structure of galaxies, we must take into account the effect of internal reddening (Pizagno & Rix 1998). The effect of dust extinction on the emerging radiation is one of the least understood physical phenomena (Calzetti 1997 , Ho et al. 1997 ). To study the internal reddening properties of BCGs, we quantify the discrepancy between the dust extinction measured from the emission line ratios and the optical continuum.
In the method of population synthesis used in this paper, the internal reddening is taken as an adjustable parameter, so that an estimate for the internal reddening is made at the same time as the stellar composition. We try various values of the internal reddening, make the appropriate correction in the continuum spectrum, then use this corrected continuum spectrum in the synthesis to find the best solution. This is an empirical way of determining the galactic reddening, its advantage is that it is assumptionfree. The values of galactic internal reddening are listed in Table 6 , E(B − V ) MMP is the result from the MMP method, E(B−V ) DCP is the result from the DCP method. We find that the values are small (E(B−V ) ≤ 0.35), which is consistent with the BCGs being metal-poor and dustpoor. We find the reddening also clearly depends on the shape of the spectrum. The flattest spectrum (NGC4194) goes with the largest color excess. The steeper spectrum, the less the extinction.
The Balmer line ratio Hα/Hβ allows us to characterize the dust extinction in the regions where the nebular lines are produced. We measured the internal reddening value E(B − V ) Hα/Hβ of the 10 BCGs using the observed emission lines Hα and Hβ. The difference in the calculation of E(B − V ) Hα/Hβ between the previous work and ours is that we can correct the underlying stellar absorption EW abs from the results of stellar population synthesis without making any hypotheses. The result of E(B − V ) is listed in the last 3 columns of Table 6 .
From this table, we can find that the internal reddening of the stellar continuum in BCGs is generally lower than that of ionized gas. A model of foreground dust clumps, with different covering factors for gas and stars, is a possible explanation for the difference. The covering factor by dusty clumps is greater for the gas region that generates the emission lines than for the stars that produce the continuum. That the continuum emission of stars is less obscured than are the emission lines of ionized gas, has been pointed out for other kinds of emission line galaxies (Calzetti et al. 1994 ).
Summary
We have observed the optical spectra for the nuclear regions of 10 blue compact galaxies. We have studied their stellar populations by matching the spectra of these objects to a library of integrated spectra of star clusters. Our conclusions can be summarized as follows.
The quantitative analysis indicates that the nucleus of the 3 bright BCGs is dominated by young components and the star-forming process is still ongoing. The maximum metallicity of the stellar population is [Z/Z ⊙ ] = −0.5. The nucleus of the dwarf BCGs (BCDGs, which have M B > −20), on the other hand, is dominated by the intermediate age component. The metallicity has, at most, reached up to the solar value. The young component is not so important as in the bright BCGs, but it is still not negligible.
For all BCGs, the old population in the range [Z/Z ⊙ ] ≤ 0.0 is important, the very metal-rich component provides quite a small contribution in these galaxies. The stellar populations of BCGs suggest that they are old galaxies with intermittent star formation history.
A good match can be achieved between the synthesized and observed spectrum of BCGs. It suggests that the stellar radiation is an important energy source for BCGs.
The emission-line spectra from the gaseous components in these objects were isolated and analyzed. Using these stellar subtracted spectra, we have calculated the internal reddening value of the emission line regions and attempted to identify the ionizing mechanism in BCGs. Comparing with the reddening derived from the continuum, we conclude that the continuum and emission line regions have different degrees of dust obscurations.
The stellar subtracted spectra should be very useful for further investigation of physical conditions and chemical abundance of the emission line regions of BCGs.
